Abstract-This paper presents an extended electromotiveforce-based discrete-time sliding-mode observer (DSMO) for rotor position/speed sensorless control of interior permanent-magnet synchronous machines (IPMSMs). Without using voltage sensors to measure IPMSM terminal voltages, the reference voltages generated by the vector control system are used as inputs for the DSMO. However, due to the inverter dead-time effect, the mismatch between the reference voltages and actual terminal voltages will degrade the performance of DSMO. In this paper, the periodically oscillating rotor position estimation error caused by the dead-time is first analyzed. Then, a dead-time compensation scheme is proposed to mitigate this position estimation error. The proposed DSMO with the dead-time compensation scheme is validated on an IPMSM control system used in heavy-duty, off-road, hybrid, and electric vehicles.
drawbacks, much research effort has gone into the development of sensorless drives that have comparable dynamic performance to the sensor-based drives during the last two decades [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Due to rotor saliency, the rotor position estimation scheme for an IPMSM is generally more complex than that for a nonsalient-pole PMSM. For medium-and high-speed applications, model-based rotor position estimation schemes have been widely investigated due to their advantages of standard design procedure and easy implementation [2] [3] [4] [5] [6] . To perform the model-based rotor position observation, several reconstructed IPMSM models have been proposed, e.g., the extended electromotive force (EMF) model [2] , [4] , [8] , the equivalent EMF model [3] , and the "active flux" model [5] . Since an IPMSM can be modeled in both the stationary and rotor reference frames, the model-based rotor position estimators can also be designed in the two reference frames as shown in Fig. 1 (a) and (b).
As shown in Fig. 1(a) , the observer is designed based on the IPMSM model in the αβ stationary reference frame. The observer inputs are the stator voltages (v αβ ) and currents (i αβ ) in the stationary reference frame, which are obtained from the measured machine terminal voltages (v abc ) and currents (i abc ), respectively. The observer output is normally a system state containing the rotor position information, e.g., the extended EMF [2] . Based on the observer output, a position extraction algorithm is then required to estimate the rotor position. The observer in Fig. 1(b) is designed based on the IPMSM model in a rotor reference frame. However, it should be noticed that this rotor reference frame is an estimated (γδ) rotor reference frame instead of the ideal dq rotor reference frame, because the estimated position is used in the coordinate transformation. The inputs of the observer are the stator voltages (v γδ ) and currents (i γδ ) in the γδ reference frame, which are also obtained from v abc and i abc , respectively. The observer output is normally a variable containing the difference (i.e., Δθ) between the actual and estimated rotor positions. A position extraction method is then needed to suppress Δθ to zero to obtain the estimated position and speed [4] . Both the position estimators in Fig. 1(a) and (b) utilize the measured voltages and currents as inputs to obtain a position-related variable, from which the position information is extracted.
In a current-regulated vector control-based IPMSM drive system, the reference voltages (v * dq ) generated by the current regulators can be utilized as the voltage input for the observer, as shown in Fig. 1(c) . Therefore, the voltage transducers used to measure machine terminal voltages are not needed. However, due to the nonlinear effects, e.g., dead-time effect, of the voltage-source inverters (VSIs), the reference and actual machine terminal voltages are not always equal, causing a voltage mismatch. This voltage mismatch should be well compensated. Otherwise, the estimated rotor position could have offsets [7] or oscillating errors.
To reduce the rotor position estimation error, much research effort has gone into the development of "ideal" rotor position observers [1] that are robust to variations of machine parameters and operating conditions. However, little work has been reported on the rotor position estimation error caused by the quality of the input signals of the observers. As shown in Fig. 1(c) , the disturbances and noise in the voltage input of the observer have obvious effects on the rotor position estimation error. Although the dead-time effect and related compensation algorithms [10] [11] [12] [13] [14] have been intensively studied for VSIs, little work has been reported on the effect of the VSI dead-time on rotor position estimation and sensorless control of IPMSMs. This paper presents an extended EMF-based discrete-time sliding-mode observer (DSMO) for rotor position estimation of sensorless IPMSM drives. The DSMO is designed based on the IPMSM current model in the αβ stationary reference frame. The effects of the inverter dead-time scheme on machine terminal voltages and rotor position estimation error are analyzed. A piecewise dead-time compensation scheme is proposed to effectively mitigate the voltage mismatch and reduce the oscillating error in the estimated rotor position. The effectiveness of the proposed DSMO with the dead-time compensation scheme is evaluated on a practical IPMSM drive system used in heavyduty, off-road, hybrid, and electric vehicles.
II. EXTENDED EMF-BASED DSMO
Due to the saliency of an IPMSM (i.e., L d = L q ), both the back EMF and stator inductances contain the rotor position information. In order to apply similar rotor position observation schemes designed for nonsalient-pole PMSMs to IPMSMs, a reconstructed IPMSM model called the extended EMF model [2] is widely used, which can be expressed in the stationary reference frame as follows:
where s is the derivative operator; v α and v β are the stator voltages; i α and i β are the stator currents; ω re is the rotor electrical angular rotating speed; L d and L q are the d-axis and q-axis inductances, respectively; R is the stator resistance; θ re is the rotor position angle; and η is the amplitude of the extended EMF components, which is defined as
where ψ m is the amplitude of the flux induced by the permanent magnets. Only the last term on the right-hand side of (1), i.e., the extended EMF components, contains the rotor position information. If the extended EMF components can be estimated, the rotor position can be extracted by using an appropriate position extraction method [15] . Among various model-based observers, the SMO is a promising candidate for rotor position estimation due to its attractive features under the sliding mode, such as low sensitivity to disturbance and parameter variations. In this paper, the following DSMO is proposed for stator current observations in digital sensorless control of IPMSMs:
whereî α andî β are the estimated stator currents; l is the observer gain; T s is the execution time of each control cycle; and
T are the outputs of a saturation function defined as follows for the DSMO:
where the input vector of the saturation function is
T , which is a vector of the errors between the estimated and measured currents, i.e.,
; Z 0 is the width of the boundary layer, and Z 0 > 0. If the control-loop frequency is equal to the frequency of pulsewidth modulation (PWM), T s will be equal to the length of one PWM cycle. By subtracting (3) from the discrete-time current model of the IPMSM, the dynamic equations of the DSMO are obtained where
If the sliding mode is enforced, Z αβ will be equal to the extended EMF
T , and the rotor position can be calculated aŝ
In the DSMO (3), the reference voltages v * α and v * β are used, which are obtained from the current regulators, e.g., the proportional-integral (PI) current regulators with feedforward voltage compensations, of the IPMSM control system. Thus, measurements of machine terminal voltages are not needed. However, if the VSI dead-time effect is not fully compensated, the reference voltages will not be equal to the terminal voltages. This voltage mismatch will bring some errors to the estimated rotor position, which will be one of the main issues investigated in this paper.
III. EFFECT OF INVERTER DEAD-TIME SCHEME ON THE DSMO
In a VSI, a dead-time interval is needed to prevent a "shootthrough" of a half-bridge leg during a change of the switching states. Although the dead-time interval is short, typically 1-5 μs, it causes deviations of the fundamental VSI output voltages from the reference values. In this section, a method for dead-time modeling and the effect of the VSI dead-time on the proposed rotor position estimator are presented.
The effects of dead-time on the output voltages of a threephase insulated-gate bipolar transistor (IGBT) based VSI will be described by using one phase, e.g., phase A, of the VSI, as shown in Fig. 2 . The positive direction of the phase current is defined to be flowing out of the inverter to the machine side.
First, the case with a positive phase current is analyzed. During the dead-time τ between turning off the IGBT T 1 and turning on the IGBT T 4 , the parallel freewheeling diode D 4 of T 4 will be on to conduct the positive current, which is equivalent to the situation that T 4 is on for the ac terminal voltage. Therefore, this dead-time interval has no effect on the ac terminal voltage. During another dead-time interval τ between turning off T 4 and turning on T 1 , D 4 is on, and the output voltage will be pulled down to −1/2 V dc . However, without this dead-time interval, T 1 should be turned on, and the output voltage should be 1/2 V dc . This condition results in a loss of volt-seconds in the ac terminal voltage.
Considering the case of a negative current, during the deadtime τ between turning off T 1 and turning on T 4 , the parallel freewheeling diode D 1 of T 1 is on, which is equivalent to the situation that T 1 is on for the output voltage. However, without this dead-time, T 4 is on, and the terminal voltage should be pulled down to −1/2 V dc . Therefore, several volt-seconds are added to the ac terminal voltage during this dead-time interval. During the dead-time τ between turning off T 4 and turning on T 1 , D 1 is on, and the output voltage will be pulled up to 1/2 V dc . This is the same as turning on T 1 . Thus, the dead-time has no effect on the ac terminal voltage.
In conclusion, the mismatch between the reference and machine terminal voltages depends on the direction of the phase current. If the diodes are ideal and the turn-on/off delays of the switches are ignored, the average voltage mismatch in a switching period can be expressed as
where sign(i) is the sign of the phase current, τ is the length of the dead-time interval, T s is the switching period, and V dc is the dc-bus voltage. For an IPMSM drive system using the spacevector PWM (SVPWM), the relationship between the machine terminal voltages and reference voltages can be modeled as
where
T is the reference voltage vector, and
T is the vector of voltage mismatch calculated based on (6) . By using Clarke transformation, ΔV φ can be transformed to a voltage vector in the stationary reference frame as
If the amplitude of V a is selected as the base value and τ /T s is equal to 0.1, the profile of ΔV αβ is shown in Fig. 3 . Considering the dead-time effect, (4) will be rewritten as
If the sliding mode is enforced,Z αβ will be equal to the summation of the extended EMF vector and a voltage error vector. Then, the estimated rotor position can be calculated as
According to Fig. 3 , the waveform of ΔV αβ is periodical and contains many harmonics. Each cycle of ΔV αβ can be divided into six consecutive regions with the same duration, which is 1/6 of one electric revolution. Base on the Fourier analysis, the error between the measured rotor position and the estimated rotor position by (10) is a periodically oscillating quantity, and the magnitude of the rotor position estimation error is proportional to the magnitude of ΔV αβ . The same conclusion can be intuitively obtained through a phasor diagram in Fig. 4 . By adding/subtracting ΔV αβ to/from E αβ , six estimated extended EMF vectorsZ s =Z α + jZ β considering the deadtime effect corresponding to the six regions defined in Fig. 3 can be obtained. It is obvious that the rotor position estimation error is a periodically oscillating quantity. The error between the magnitudes of the true extended EMF vector |E s | = |E α + jE β | and the estimated extended EMF vector |Z s | is also a periodically oscillating quantity.
IV. PIECEWISE DEAD-TIME COMPENSATION SCHEME According to (6) , the sign of the voltage mismatch depends on the direction of the phase current. A positive current results in a loss of volt-seconds in the terminal voltage, while a negative current results in a gain of extra volt-seconds in the terminal voltage. Therefore, the most straightforward deadtime compensation scheme is directly using this relationship as follows:
However, it is difficult to implement this compensation scheme at the zero crossing points of the current, as shown in 5(a) . In a digital control system, a stator phase current is normally sensed once per PWM cycle. For example, if a phase current is sampled at point A or B, in the next PWM cycle, the current direction will still be positive or negative, respectively. If the current is sampled at point C, the current magnitude is positive but near zero. Per previous discussion, when the current is positive, a voltage mismatch vector should be added to the reference voltage vector to compensate the dead-time effect. However, the actual phase current is a continuous variable. Due to the time required for current processing and compensated phase voltage calculation, the current direction may be reversed before the execution of the control algorithm, and the reference voltages should be compensated based on the negative current. Such a wrong compensation for the reference voltages will result in larger errors in the estimated extended EMF and, therefore, errors in the estimated rotor position. The similar issue has been observed for a negative current near zero crossing.
To mitigate this problem, a variable current band from I − CT to I + CT is introduced to modify the compensation scheme (11), shown as the solid line in Fig. 5(b) . The current thresholds I − CT and I + CT are selected to be −5% and 5% of the command current, respectively. If the measured current value is greater than the positive current threshold I + CT , the current sign will be set as positive. On the contrary, if the measured current value is smaller than the negative current threshold I − CT , the current sign will be set as negative. If the measured current is within the current band, i.e., between I − CT and I + CT , the deadtime effect will be ignored, and no voltage compensation will be performed. Moreover, if the dead-time effect needs to be compensated even if the current is within [I − CT , I
+ CT ], other simple methods, e.g., a lookup table, can be used. The value of the voltage mismatch and the corresponding current value can be measured and used to generate a lookup table. In some high-power applications, e.g., a VSI fed by a high dc-bus voltage, the compensated phase voltage could be a relatively large value. In this case, when the phase current crosses the current threshold, the reference voltages will have an abrupt change, which may lead to an oscillation of the phase current. To mitigate the current oscillation, an outer current threshold is added to form a new piecewise dead-time compensation scheme with a linear region expressed in (12) 
If the measured current value is greater than the positive outer current threshold I + O,CT , the current sign will be set as positive. If the measured current value is smaller than the negative outer current threshold I − O,CT , the current sign will be set as negative. In both cases, the compensated phase voltage will be constant. The measured current will be assumed to be zero if it is within the current band (I CT , the compensated phase voltage will be a linear function of the magnitude of the phase current. Moreover, the magnitude of ΔV is proportional to the magnitude of the dc-bus voltage. Therefore, (12) has already taken into account any variations of the dc-bus voltage when using the measured dc-bus voltage in the control system.
V. OVERALL SENSORLESS IPMSM CONTROL SYSTEM
The DSMO-based position estimator and the proposed deadtime compensation scheme are integrated into the currentregulated space vector control of the IPMSM, leading to a sensorless control system for the IPMSM, as shown in Fig. 6 . The rotor position is obtained from the DSMO. The rotor speed is then calculated by using the estimated rotor position. A PI speed regulator is used to generate the torque command from the speed tracking error. If the IPMSM is operated in the torque control mode, the torque percentage can be directly commanded instead of being generated from the outer-loop speed control. The base torque is the maximum torque at each speed point and is obtained by using a 2-D lookup table. Since the inverter dc-link voltage also affects the current command, a speed-voltage ratio is used. The current commands are generated by two lookup tables based on torque percentage and speed-voltage ratio. The reference voltages are generated by the current PI regulators with feedforward voltage compensation. According to the measured stator currents, the magnitude of ΔV is determined by the dead-time compensation block. The calculated ΔV is sent back to the SVPWM block and added to the reference voltages generated by the controllers for inverter dead-time compensation.
VI. EXPERIMENTAL RESULTS

A. Experimental Stand Description
An experimental test stand is designed to verify the effectiveness of the proposed DSMO with the dead-time compensation scheme. In the test stand, a prime mover machine and an IPMSM are connected back to back, sharing a common 700-V dc bus served by a dc power supply. The prime mover machine maintains the shaft speed, while the IPMSM works as a generator in the torque control mode. The schematic of the test stand is shown in Fig. 7 . The specifications of the test IPMSM are listed in Table I . The IPMSM phase currents are sampled once per PWM cycle. Both the vector controller and the DSMO utilize the current samples for their execution. The sensorless control system with the DSMO is executed in a digital signal processor to estimate the rotor position/speed and use the estimated rotor position/speed to perform the closed-loop sensorless control. A digital-to-analog converter (DAC) is used to output the estimated variables to an oscilloscope. The wires of the DAC are connected to the control board, which is placed on top of the inverter board. Therefore, the noises introduced by electromagnetic interference and IGBT switching events could affect the DAC and cause small spikes on the waveforms of the variables displayed on the oscilloscope.
B. Dead-Time Effect Evaluation
Several tests are performed for the system at a medium speed of 2700 r/min with the PWM frequency of 6 kHz. A 4-μs dead-time interval has been inserted. The corresponding fundamental frequency of the back EMF is 180 Hz, i.e., in each electric revolution, there are 33 samples. First, under the noload condition, the command torque and the magnitude of phase currents are zero. Therefore, there is little mismatch between the reference and machine terminal voltages caused by the dead-time effect. The rotor positions estimated from the DSMO and measured from a high-resolution resolver are on top of each other.
Next, a 60-N · m load torque is applied to the IPMSM. Fig. 8 shows the estimated extended EMF components as well as to that of one electric revolution, which is 1/180 s, i.e., 5.56 ms. Moreover, a larger offset of 6 electrical degrees is observed in the rotor position profile, as shown in Fig. 11 .
The DSMO with the proposed dead-time compensation scheme is tested for the same torque and speed condition as in Fig. 10 , and the results are shown in Figs. 12 and 13. With the dead-time compensation, the reference voltages and the measured machine terminal voltages have little difference. Consequently, the oscillation and offset of the rotor position estimation error are greatly reduced or eliminated. Specifically, the peak-to-peak rotor position estimation error in Fig. 13 has reduced 50% compared to that in Fig. 11 . Moreover, the average rotor position estimation error (i.e., the offset) has decreased from 6.1
• in Fig. 11 to 0.2 • in Fig. 13 . These results verified the effectiveness of the proposed dead-time compensation scheme.
The influence of dead-time is more remarkable when the IPMSM drive system is operated in the low-speed condition. In addition, due to low signal-to-noise ratio, i.e., the ratio between the amplitude of the extended EMF and that of the noise, the performance of the model-based position observer in low-speed conditions is not as good as that in high-speed conditions. To further verify the capability of the DSMO-based sensorless drive with the proposed dead-time compensation in low-speed conditions, the results at 300 r/min with a 240-N · m load applied are shown in Figs. 14 and 15. As shown in Fig. 15 , no periodically oscillating error is observed. Although the am- plitude of the position error is slightly larger than that in higher speed conditions (e.g., Fig. 13 ), the sensorless control system still achieved acceptable performance. On the other hand, if the dead-time compensation scheme is not used, large periodically oscillating position estimation error or even instability would be observed in low-speed operating conditions.
VII. CONCLUSION
This paper has analyzed the inverter dead-time effect on the performance of an extended EMF and DSMO-based sensorless control system for IPMSMs. Theoretical analysis has verified the existence of a periodically oscillating rotor position estimation error caused by the dead-time effect. To mitigate this oscillating error, a dead-time compensation scheme has been proposed. Its effectiveness has been verified on a 150-kW IPMSM drive system used in off-road hybrid electric vehicles.
